Aim: To determine the transcriptional proximity of retinal pigment epithelium (RPE) cells grown under different culture conditions and native RPE. Methods: ARPE-19 cells were grown under five conditions in 10% CO 2 : ''subconfluent'' in DMEM/F12 + 10% FBS, ''confluent'' in serum and serum withdrawn, and ''differentiated'' for 2.5 months in serum and serum withdrawn medium. Native RPE was laser microdissected. Total RNA was extracted, reverse transcribed, and radiolabelled probes were hybridised to an array containing 5353 genes. Arrays were evaluated by hierarchical cluster analysis and significance analysis of microarrays. Results: 78% of genes were expressed by native RPE while 45.3-47.7% were expressed by ARPE-19 cells, depending on culture condition. While the most abundant genes were expressed by native and cultured cells, significant differences in low abundance genes were seen. Hierarchical cluster analysis showed that confluent and differentiated, serum withdrawn cultures clustered closest to native RPE, and that serum segregated cultured cells from native RPE. The number of differentially expressed genes and their function, and profile of expressed and unexpressed genes, demonstrate differences between native and cultured cells. Conclusions: While ARPE-19 cells have significant value for studying RPE behaviour, investigators must be aware of how culture conditions can influence the mRNA phenotype of the cell.
T he retinal pigment epithelial (RPE) cell line ARPE-19, displays significant functional differentiation that mimics native RPE. 1 It provides a dependable source of cultured RPE cells for study. At the time of writing, 121 PubMed publications have utilised this cell line. The transcriptional profile of RPE cultures including ARPE-19 cells, and its proximity to native RPE, is however, unknown.
Recently, we found transcriptional differences among ARPE-19 cells grown on different matrices. 2 Unexpectedly, ARPE-19 cells grown on plastic displayed the closest phenotype to native RPE. While obvious that the transcriptome will be influenced by culture conditions, few studies are available to articulate these differences. We hypothesised that culture conditions could be optimised so ARPE-19 cells could simulate the native RPE mRNA phenotype. To accomplish this goal, we laser microdissected native RPE and compared its global transcriptional profile with ARPE-19 cells grown under different culture conditions.
METHODS
Cell culture ARPE-19 cells were seeded at 10 000/cm 2 (''subconfluent'' or ''SS'') for 3 days or 100 000/cm 2 in T-75 cm 2 flasks and grown in Dulbecco's Modified Eagle medium/nutrient mixture F12 (DMEM/F12; BioWhittaker Inc, Walkersville, MD, USA) + 10% fetal bovine serum (FBS; UBI Upstate, Lake Placid, NY, USA) at 37˚C in 10% CO 2 . ''Confluent'' (CS) and ''confluent, serum withdrawn'' (CSW) cultures were grown for 7 days, and replaced with fresh medium containing serum or 1% bovine serum albumin (BSA), respectively for 3 more days. ''Differentiated'' (DS) and ''differentiated serum withdrawn'' (DSW) cells were grown for 2.5 months, and then in serum or 1%BSA for 3 days.
Tissue preparation
Ten eyes (45-95 years old) with a death enucleation time within 6 hours and from donors on life support systems for less than 24 hours were used since premorbid conditions have the greatest influence on RNA degradation 3 (table 1) .
Donors were free of ocular disease, systemic inflammatory disease, and diabetes mellitus. A macular calotte was dissected and cryoprotected as previously described. 4 5 Cryosections (7 mm) were stained with haematoxylin and eosin Y (Fisher Scientific, Inc) before microdis'section.
Laser capture microdissection RPE cells were removed with an Arcturus PixCell II (Arcturus Engineering, Inc Mountain View, CA, USA) as previously described. 5 After dissection, the transfer cap was inspected for contaminating tissue before being placed in denaturing buffer.
RNA extraction
Total RNA was extracted using the RNeasy Mini-kit (Qiagen Inc, Valencia, CA, USA) and treated with DNase I (Qiagen, Inc) according to the manufacturer's recommendations. RNA quality was assessed by GAPDH expression using RT-qPCR with primers designed at the 59 end of gene, and intact 28S and 18S ribosomal RNA bands of an RPE sample by gel electrophoresis.
Probe synthesis
Total RNA from 5000 cells was reverse transcribed with 50 mCi[33P]dCTP and 50 mCi[33P]dATP with 0.5 mg oligo-dT according to our modified method of Sgroi et al. 2 6 A second strand was synthesised with 50 mCi[33P]dCTP, 50 mCi[33P]dATP, 500 ng random hexamers, and 20U Klenow fragment (Gibco BRL). Probes were purified with a Bio-Spin 6 column (BioRad Laboratories, Hercules, CA, USA).
Microarray analysis
Labelled, double stranded cDNA was hybridised to the cDNA GeneFilter Human Microarray Release I (5353 genes; Invitrogen, Inc, Huntsville, AL, USA) using the manufacturer's protocol. This array contains an insert DNA from a sequence verified IMAGE/LLNL clone using the 39 end of the gene. Arrays were exposed for 3 days to a high density phosphorimager screen (BioRad Laboratories) and scanned at 50 mm resolution in a phosphorimager (FX Pro-Plus, BioRad Laboratories). The data appear on Gene Expression Omnibus (www.ncbi.nlm.-nih.gov/geo/) using platform number GPL1488, and accession numbers GSM32029-GSM32048. Since Lee et al demonstrated that at least three replicate experiments are necessary for reliable microarray results, 7 for each condition, at least three independent experiments were performed.
Image and statistical analysis
Signal intensity for each gene was quantified and normalised to 75% of the average signal intensity of the entire array by Pathways 3 software (Invitrogen, Inc). An individual gene was ''expressed'' if the signal intensity was >1.4-fold above background 8 in at least two of three, and three of five experiments for cultured and native RPE, respectively.
Gene expression signals were scaled according to the method of Tusher et al. 2 9 A reference set was generated using the average expression from all arrays. Each hybridisation signal was compared with the reference signal in a cube root scatter plot, and intensity values for each gene were corrected with a ''scaling factor.'' Hierarchical cluster analysis was performed with average linkage clustering by Cluster, and visualised with TreeView. 10 Significance analysis of microarrays (SAM; version 1.12) determined differential gene expression between conditions.
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Real time RT-PCR Total RNA (100 ng) was reverse transcribed with Sensiscript (Qiagen, Inc) as previously described. 2 Primer sequences were designed to span consecutive exons using Primer 3 (Whitehead Institute/MIT, Cambridge, MA, USA). Sequences were verified using NCBI Unigene (table 2) . First strand cDNA was amplified using the LightCycler (Roche Diagnostics, Nutley, NJ, USA) in a final volume of 20 ml containing SYBR Green PCR Master Mix (10 ml; Qiagen, Inc, USA), primers (0.5 mM each), and 2 ml DNA in 2.5 mM MgCl 2 The standard curve for the gene of interest consisted of PCR products (1-10 26 pg). PCR products were checked by melting point analysis and quantified using the second derivate maximum values calculated by the Light-Cycler analysis software. Expression was normalised to acidic ribosomal phosphoprotein expression. 12 The Student's t test was used to compare the differential gene expression between conditions. Figure 1A shows healthy macular RPE cells with cuboidal columnar epithelial morphology and normal Bruch's membrane. Figure 1B shows the cryosection after microdissection, and figure 1C shows the microdissected cells adherent to the transfer cap. Figure 2 demonstrates spindly appearing ''SS'' cells ( fig 2A) and regular ''CS'' cells ( Fig 2B) . ''DS'' cells had cobblestone morphology with melanin pigment (fig 2C) .
RESULTS

Expression profile of native and cultured RPE cells
Scatter plots of microarray analysis for pairwise comparison of native RPE from the five donors, and cultured cells showed reasonable reproducibility (data not shown; R 2 = 0.829-0.995 for all comparisons). Using our expression criterion, the number of genes expressed by native RPE was 78% (4177 genes) of the array. The number of genes expressed by ARPE-19 cells ranged from 45.3% (CS), 45.4% (DS), 46.5% (SS), 47.2% (CSW), to 47.7% (DSW). Table 3 shows the 50 most abundant genes from native RPE cells, of which 48 were also the 50 most abundantly expressed genes by ARPE-19 cells, regardless of culture condition (each separately analysed). While some genes illustrate the multiple functions of the RPE such as melanin biosynthesis (D-dopachrome tautomerase) or antioxidant function (Selenoprotein T), most genes have general cellular function such as protein processing (14%), cytoskeleton (8%), cell cycle (8%), and differentiation (6%). Two class unpaired SAM using a twofold expression differential showed no differentially expressed genes with any false discovery rate (FDR).
The majority of the 50 lowest abundance genes expressed by native RPE cells have function related to transcription factors (16%), metabolism (6%), or are unknown (48%). However, a great number of genes had low expression. To further assess the proximity of low abundance genes between native and cultured RPE, 807 genes expressed by native RPE were identified by doubling the arbitrary expression units of the lowest 50 genes. The number of genes expressed by different culture conditions was low: SS (239 genes; 29.6%), CSW (241 genes; 29.8%), CS (223 genes; 27.6%), DSW (263 genes, 32.4%), DS (226 genes; 28.0%).
Cluster analysis of native and cultured RPE Unsupervised hierarchical cluster analysis showed that CSW or DSW cells clustered closest to native cells and were segregated from SS, CS, and DS cells ( fig 3A) . Since RPE cells undergo apoptosis and morphological deterioration with ageing, we identified 713 genes involved with differentiation or cell cycle/apoptosis. Supervised cluster analysis was similar to unsupervised cluster analysis ( fig 3B) .
Differential expression of native and cultured RPE cells
The expression profiles of CSW and SS cells were used to assess their proximity to native RPE since they were similar and dissimilar, respectively, to native RPE by cluster analysis. Firstly, CSW and SS cultures expressed only 60.5% and 59.6% of the genes, respectively, that were expressed by native RPE. Of the differentially expressed genes identified by SAM (FDR 7%) between native RPE and SS (n = 592 genes), and native RPE and CSW (n = 318 genes), 250 differentially expressed genes were in common, or 42% of SS and 78% of CSW genes, respectively. Of these differentially expressed genes, 36% had no reported function while 7.2% were related to cell cycle/ apoptosis, 4.4% to cell structure, 5.6% to metabolism, 7.6% to protein processing, 8.4% to signal transduction, and 6.8% to transcriptional regulation.
Secondly, of 1175 genes unexpressed by native RPE, 324 (27.6%) of these genes were expressed by CSW cells. The function of genes expressed by CSW cells include signal transduction (7.7%), cell cycle/apoptosis (7.7%), transcriptional regulation (7.1%), protein processing (6.5%), intracellular transport (4%), cell adhesion (3.3%), cytoskeleton (1.5%), and unknown function (27.8%). Of genes not expressed by native RPE, 349 genes (29.7%) were expressed by SS cells. The most common function of genes expressed by SS cells included cell cycle/apoptosis (9.7%), protein processing (7.7%), signal transduction (6.9%), transcription regulation (6.3%), small molecule transport (4.9%), cell adhesion (4.3%), immune response (3.4%), RNA processing (2.3%), and unknown function (28.9%).
The number of differentially expressed genes between native and ARPE-19 cells was used as a third assessment of transcriptional proximity. An FDR,10% is a reliable indicator of statistical precision for studies using human tissue. 13 Using two class unpaired SAM analysis between native RPE and CSW (FDR 7.2%) or SS cells (FDR 7.4%), 317 and 591 differentially expressed genes respectively, were identified.
The function of differentially expressed genes between native RPE and individual culture conditions was a fourth factor used to evaluate the similarity of expression profiles. The functional annotation of the 317 differentially expressed genes between native RPE and CSW cells included cell cycle/ apoptosis (10.7%), protein processing (6.9%), signal transduction (5.7%) and transcription factors (5.7%), metabolism (6.3%), and unknown (42.7%). Analysis using highly stringent conditions (FDR 1.5%) showed that 48 genes were underexpressed and five genes were overexpressed by native RPE compared to CSW cells (table 4) . Of this gene set, 21% were related to protein processing.
The biological function of the 591 differentially expressed genes between native and SS cells included cell cycle/ apoptosis (9.6%), protein processing (8.8%), metabolism (8.3%), signal transduction (7.4%), transcriptional regulation (5.9%), cytoskeleton (4.7%), cell adhesion (3.4%), and unknown (35.4%). Analysis using highly stringent conditions (FDR 1.4%) identified 41 genes that were underexpressed and 5 genes that were overexpressed by native RPE compared to SS cells (table 5) . Again, protein processing genes comprised 17% of differentially expressed genes. 
Serum influences the expression of cultured RPE cells
Since serum divided the culture conditions, and native RPE clustered with serum withdrawn conditions, two class unpaired SAM analysis (FDR 9.9%) between serum and serum withdrawn conditions identified 317 differentially expressed genes. Cells that were grown with serum removed had 207 genes overexpressed and 110 genes underexpressed compared to cells grown in serum. The biological function of differentially expressed genes included protein processing (11.7%), signal transduction (11.7%), cell cycle (5.4%), metabolism (5.4%), transcription factors (4.7%), cell adhesion (2.8%), cell structure (1.8%), and unknown (38.8%). The actual differential expression was small, ranging from 15-30%. To evaluate the influence of genes with larger differential expression, SAM analysis with more stringent FDR (4.6%) and a twofold differential expression threshold was performed (table 6 ). Three apoptosis, and three differentiation genes were identified.
Real time RT-qPCR validation
Real time RT-qPCR was performed on cells grown under identical culture conditions, but separate experiments from the microarray analysis, and native RPE from five different globes to expand the differential expression pattern beyond the eyes used for microarray experiments. Since the purpose of this investigation was to evaluate global gene expression changes, genes were randomly selected. Table 7 shows that all five genes had similar expression patterns as observed on the arrays.
DISCUSSION
We showed previously that confluent ARPE-19 cells grown on different matrices had different transcriptional profiles from native RPE, and that cells grown on plastic had the closest transcriptome to native RPE. 2 To improve the transcriptional proximity of ARPE-19 cells grown on plastic to native RPE, we varied the culture conditions and evaluated global expression trends, a more informative benchmark than individual gene expression. With this end point, CSW and DSW cells were most similar to native RPE. While each culture condition preserved the expression of the most abundant genes, significant transcriptional differences exist between native and cultured cells including the number of genes on the array that were expressed and not expressed, the number and function of differentially expressed genes, and the number of expressed low abundance genes. Our results suggest that the global expression profiles can be improved by varying the culture conditions, but significant widespread differences remain between cultured and native RPE.
With ageing, the RPE undergoes apoptosis and morphological deterioration. Supervised cluster analysis of 713 genes related to differentiation or cell cycle/apoptosis was similar to unsupervised analysis, further suggesting that CSW or DSW cells are most similar to native RPE. Further analysis of the transcriptome of CSW cells however, showed significant differences from native RPE including the number of genes expressed and not expressed, and differentially expressed genes with a diversity of function. These data collectively suggest that while clustering closest to native RPE, the global transcriptional profile of CSW cells displayed multiple mRNA phenotypic differences which may influence ageing studies.
Culture conditions were segregated by serum. The function of differentially expressed genes, regardless of culture density, was quite wide ranging, which suggests that serum influences multiple cellular functions including protein processing, signal transduction, cell cycle, metabolism, and transcription. Native RPE clustered with cells grown in serum withdrawn medium. Since the outer blood-retinal barrier is composed of the RPE and Bruch's membrane, the RPE is probably partially shielded from serum by Bruch's membrane. Our results suggest that serum was a negative factor that separated RPE cells from native cells, and that RPE cells in vivo are not significantly exposed to serum. Our interpretations are based on a small collection of eyes. The statistical precision of the arrays, however, enabled us to make statistically valid comparisons. While a wide age range was used to reduce age bias, our results may not be generalisable to all native RPE. We were comforted by the validation of our array results by RT-qPCR using a different set of eyes which likely reduces expression differences related to donor to donor variation. We evaluated a single RPE cell line so extrapolation to other cultured RPE cells is unknown. The use of laser microdissection and unamplified RNA for microarray analysis has limitations. While amplification bias is eliminated, RNA quantity prevents a comprehensive validation even with RT-qPCR. The array utilised was not RPE specific, and contains both a relatively limited gene set and uncharacterised genes. With further study, the uncharacterised genes may provide new insights into general or RPE specific functioning. Many investigators use a wide range of culture densities, medium, and duration to study RPE function. Our results provide evidence in support of the long held opinion that culture conditions alter the cellular phenotype and validate the long held assumption that great care must be utilised when extrapolating results of gene expression experiments from cultured to native RPE cells. 
